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I. INTRODUCTION

The need to consistently monitor and preserve the strength charac-
teristics of materials during manufacture and service, coupled with
advanced design techniques utilizing a greater percentage of the avail-
able strength of such materials has necessitated rapid advances in the
use of non-destructive testing, and characterization of residual
stresses in particular. In respomse to this need important develop-
ments in equipment and measuring techniques and a greater understanding
of the theoretical background have led to wider acceptance of the amaly-
sis of stress with x-rays, both as an experimental technique and as an
engineering tool.
\t:ﬁ The idea of measuring residual stresses by x-ray diffraction was
first proposed by Lester and Aborn (1925).,  The techuique has long
been used in the study of such manufacturing processes as shot peening,
carburizing and heat treating.. A bibliography on x-ray stress analysis prior
to 1933 (lsenburger, 1953) lists 240 references, and this was before widespread
use of the diffractometer. Only within the last few years, however, has the

portability of the equipment and the rapidity of the technique been

sufficient for its application to such areas as on-site inspection

suring fabrication, or in-field measurements for maintenance.

N\
—~” In this report the main aim is to present, in a single chapter, many of the

recent instrumental advances and to explain the fundamental limitations associated
5

with the measuremente in the hope of providing an insight into its

proper apptication. In doing soj many current applications are des-

cribed in those areas where the measurement has already proven to be \ASP%aA\'f<§
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useful.

The International System of Units ( SI) has been adipted. To

obtain values in other units the following conversions will be helpful:
1 ksi (1000 1b/in%) = 6.855 MPa (M¥/m)
1 kg/m’ = 9.807 MPa

II. TYPES OF RESIDUAL STRESSES

The relevance of residual stress distributions to all major failure mech-
anisms, structural and dimensional stability, stress corrosion cracking
and fatigue has been recognized for many years, but the actual extent of
these stresses and their specific role is still sometimes uncertain in
practice (Bunce, 1977)., Nonetheless, a considerabie number of reviews
pertaining to the role and measurement of residual stresses exist (Baldwin,
1949; Rassweiller and Grube, 1959; Rimrott, 1962; Hovger, 1965; Denton, 1966,
1971; McClintock and Argon, 1966; Air Force Materials Laboratory, 1976; Schmidt,
1976; and Parlane, 1977).  Before describing the x-ray technique, a look at
the definitions and general causes of residual stresses will be helpful,

Residual stresses are those stresses that are contained in a body
which has no external traction (excluding gravity or another source such
as a thermal gradient). Residual stresses belong to the larger group of
internal stresses which apply to a body even while it is externmally loaded.
The two are often used interchangeably because both may be determined with
x-ray diffraction, indirectly, from a measurement of the existing strains,
To actually obtain the stregs,a calculation is always necassary,which re-
quires knowledge of elastic constants of the material or a calibration
procedure, These often depend on the extent or range of the strain in

question,

B T T S N




In the United States, residual stresses (strains)are classified into

tvo types (Evans and Littman, 1963; ASTM (1977); Society of Autemotive Engineers

Table I Handbook, 1978) "macro" and '"micro" as shown in Table I. Res.urcaers in
other countries prefer to delineare three kinds of residual stresses
(Wolfstieg and Macherauch, 1976; Buck and Thompson, 1977). The boundaries
between any of these classifications are not sharply defined. These latter
definitions are also given in Table I.

The first kind, termed macroscopic, is long range in nature extending
over regions millimeters in dimension, Macro residual stresses and
applied stresses add algebraically at least up to the elastic limit and
are thus important in determining load carrying capabilities. These
stresses may develop from mechanical processes such as surface working,
forming and assembly, thermal processes such as heat treatments, casting
and welding and chemical processes such as oxidation, corrosion and electro-
polishing (Hilley et al,, 1971). This class of stresses is measurable by
mechanical means (by examining distortions after removing layers or boring,
for example, often with strain gages) and also gives rise to shifts of peaks in

an x-ray diffraction pattern,

The second kind of residual stress exists aover dimensions of microns

and is termed a microstress, It may be caused by yield anisotropy between

@W B

grains or by a difference in the mechanical properties of different phases

TR,

ko

or regions in a material (such as the surface and the interior)., While not
detected by mechanical methods, these stresses give rise to both a peak

shift and if they vary from point to point, line broadening in x-ray patterns.,

el

The third kind, which ranges over diumeusions of 1 -

1000 X, gives rise to x-ray line broadening only. These stresses arise

* e Rl e U FUTTITHEG (I et




from the v-rying stress fields of individual dislocations, dislocation
pile-ups, iink boundaries and other microstructural phenomena of a discontin-
uous nature. Actually, the magnitude of these stresses cannot be determined with
x-rays, only their range or variance from Fourier analysis of diffraction peak.
In fatigue crack propagation and structural stability, Sulk values,
and therefore macrc residual stresses, are the most significant. However,
in both fatigue cirack initiation and stress corrosion crackirg (Hilley et
al., 1971; Cathcart, 1976) all types of stress may be importaut depending
on the situation, While the understanding of the effect of various types
of residual stresses on performance may as yet be deficient, the potential
exists for thelr proper evaluation, an important step in quantitatively
assessing their role. The rest of this review is concerned with the x-ray
techniques for doing this, and examples of their applications.,
III. PRINCIPLES OF X-RAY STRESS MEASUREMENT
A. _General Princigles
The fundamentals of letermining the surface residual stresses with x-ray
diffraction have been derived in several sources (Barrett and Massalski, 1966;

Hilley et al., 1971; Klug and Alexander, 1974; The Socie:.y of Materials Science,

1974; Harterei Tech.-Mitt,, 1976, Cullity, 1977). 1In this section the different
methods are presented, In the following section, the instrumentation for
the individual techniques is described.

Each form of identical planes of atoms in a polycrystalline material

has an average interplanar spacing, which, when acted upon by an

ks’

elastic stress, changes to a new value dependent on the direction and

magnitude of that stress. A change, Ad in the interplanar spacing

hkg’

will cause a corresponding change, A9, in the Bragg angle of diffraction

vy the  planes (Bragg's law: )\ = 2dsin@ where A is the wavelength
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of the incident x-rays)., The strain Ad/d, can be measured by the change
in the diffraction angle and the stiess is obtained from the strain with

formulae usually derived from linear isotropic elasticity theory.

Fig. 1 The principal stresses Ch and P (usually assumad to lie in the surface,

but see Sec. V. C. &), the genersl surface stress, aw, and the corresponding
strains are shown in Fig. 1. The term y is the angle between the surface normal
and the direction of the strain being measured. The application of isotropic

continuum elasticity theory to this problem yields the following relationship
between the principal stresses in known directions, surface stress and mea-

sured strain, ¢, , (Hilley et al., 1971):
1 ¥ 2 2 dg ¢

:-—t\i ¥ -y- -_LL—-—Q-
= (g c08%p + g,8in @) sin”y E(q1 + °2) 4, ’ (1)

] 2
P ¥
where E is Young's modulus and v {8 Poisson's ratio.* In this equation,
d@sW is the lattice spacing in the direction defined by ¢ and § (see
Fig. 1) and do is the interplanar spacing of the stress free state.

The component of stress in the surface at the angle ¢ , gw, is given by:

2 2
% @108 ¢ + g,5in g. (2a)
Also:
3 d 0~ do
- =00
? @ +ay) : : (2b)
o
Substitution of thse equations into Eq. 1 yields:
O T A e B M R T
z qm51n y = ) o= 1 . (3)
’ o ‘Q:‘l!=o

The replacement of do by d in the denominator leads to errors

% 4=0
of ~ 1-2 MPa,well within uncertainty in the measurement (see Chap. IV).

This step eliminates the need to know the stress free interplanar spacing:
only the stressed specimen needs to be examined,

*In the German literature (l+v)/E is written as % ¢,(hki) and -v/E as s, (hk4).
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Equation 3 forms the basis of the analysis by relating a measurable
change in the interplanar spacing, g¢’w to the surface stress, Fig. 2a
illustrates how this measurement is achieved. A stress will cause the
interplanar spacing of grains oriented at various angles to the surface
to be different., The interatomic spacing becomes the gage length, Varia-
tion of this gage length with orientation of the specimen, y§, can be
determined by three principle methods: the sinzw, two-tilt and single-
tilt techniques.

1, Sin2 Method

In this method several values of lattice strain are measured, each

at a different y tilt of the specimen., It is then possible to determine the

surface component of stress from a least-squares straight line for the
lattice strain as a fuuction of sinzw. The stress is measured along the

direction of the intersection of the y tilt and the specimen (Fig. 2c).

Now, let:
* Ofoy
m = 2 . (4a)
3 siny
Therefore:
*
R S 4b
QCD (_lj.-\-’.) ( )
E

In terms of the quantity usually determined, the interplanar spacing, it

follows that with: 3 d
o' = .—ng_ , (5a)
3 siny
t
then: g, = = (59)




Because several values of d ' are determined, errors resulting from
3

random fluctuations are minimized. Four to six § tilts, taken in equal

increments of sin2$, are normally employed.

2. 'Two Tilt' Method

Isotropic elasticity theory predicts that the strain e¢ v is linearly
H

devendent on sinzq, as was shown in Eq. 3., When this holds true (see Chap. V) only

]
T L R T PSS TR

two inclinations of the sample are necessary to determine the surface stress.
The interplanar spacings are determined at § = 0 and at an inclination of

3 y = y. The formula relating the stress to the strain is then given by:

d - d
1 , 9,4=0 , (6)
sinzw d¢,¢-0

G & Mt o i

E
ch = (1_*_\)) ¢

The term (E/l+v)o1/sin2¢ is often combined into a calibrafion constant,
K, which can be experimentally determined for a particular combination of
¢ and reflecting planes in a given material. Experimental determination of

K 1s desirable because bulk values of E and v are not necessarily appli-

R I ] U W

cable (Klug and Alexander, 1974), The equations which have been presented

are based upon isotropic elasticity while most crystalline materials show

a

elastic anisotrcpy. The measured strains which correspond to one particular

NP i

crystallographic direction cannot be accurately related to stress by mechanically

measured values of the bulk elastic constants (Bollenrath, Hauk and Muller, 1967).
In addition, the effective values of E and v are influenced by interactions between
a grain and its surroundings (Greenough, 1952) by plastic deformation (Taira et
al,, 1969), by preferred orientation (Shiraiwa and Sakamoto, 1970) and by the

presence of second phase particles (Shiraiwa aud Sakamoto, 1970),

ca

2T v e B St

While some of the interactions have been studied theoretically (see Sec.

V.B.) the elastic constants measured by x-rays are preferrable over

“ s




theoretically deduced or mechanically measured values. The experimental
procedures for such a determination are included in most review articles
(Barrett and Massalski, 1966; Klug and Alexander, 1974; The 3ociety of Materials
Science, Japan, 1974, Hauk and Wolfstieg, 1976; Cullity, 1977). These
consist essentially of subjecting a piece of the material to a knowvn elastic

load, and measuring the shift of the diffra:tion peak from the {hkt¢} planes

in question. .
It is unfortunately common practice to replace (“w. - d@,v-o)/dg,v-o

in Eq. (6) by the approximation -cotQ-%(ZOO- 29V)’ obtained by differen-

tiating Bragg's law, to obtain a formula in terms of the peak position 26:

ak ool oBy Lo ot k@ +0)(20 -20), @
09 " % * 85 =) SInzw cot (8 W) (28, \W) M

where 290 and 29¢ are in degrees, This substitution introduces appreciable

error, if the stress is large. The stress constant becomes:

A | i E 1
Kmas o | (7==) ¢ o=, cOt X (B +0 ), (8a)
2 180 14y sinzw o ¥
and:
¢

Inexpensive micro- and mini-computers are readily adopted to on-line data
processing in this kind of study, and such simplications are really no longer
necessary.

3. 'Single Exposure' Method

A stress component may be measured from a single inclination if the
Bragg angle is determined at two positions c<n the ditffraction cone from a
. polycrystalline specimen, Fig. 3 depicts the geometry in which all the crystal-
Hie 3 lites which are favorably oriented with respect to the incident beam dif fract

forming a cone of radiation (the Debye cone), The incident x-ray beam is directed

toward the specimen surface at a fixed angle § from the surface normal, and the




ST RN R S TR

angle of the plane normals corresponding o the two measuring directions
are ™ and Mye If one measures the Bragg angle at two positions on the
cone by recording the cone on film (B and C in Fig. 3) the corresponding
tilt angles are ¥, = 3 - nl) and ¢2 = (B + nz). The diffraction ring
will be asymmetric if the interplanar spacings of the diffracting crystal-
lites are different as a result of rasidual strains,

From Eq. (6) an equation relating d1 to ¢1 and one relating d2 to

WZ can be written, Combining the formulae and writing the d spacings in

terms of the Bragg angle, the stress is gilven by (Hilley et al., 1971):

cot %(01+92) -
Yo " oy

E
[— .
sin” (B+n)-sin®(B-1)
where o= (90o - 91) and M = (90° - 92). Also, in the trigonometric

terms in the denominator, it is assumed M *= My > Me Writing the Bragg
angle in degrees and noting 7 = 90-8°;
cot &g01+02)

m_ E ]
o ® Ton T (g -0 )- (10)
$ 180 l+v [Zsinzacosesine 2 L

The formula is often written in terms of a gtress constant:

e, = Ko, (l1la)

where:
1

LB — (11b)

k=180 Tov  20in2peinle *

(As in Eq. (8) it is assumed in Eq. (11) that cot &(91+02) = cotd, )

If the recording oy the diffraction ring is made on film, the Bragg
angle need not be explicitly calculated. Relations in terms of the sample
to film distance, R, and S1 and 52, the measured distances along the film

from the axis of the incident beam to the center of the diffraction maxima
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Fig. 4
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10
may be used. For a flat film the relation is:
9y = K (5,5, (12a)
where
K" = (-i%)[l/(f Rsin’28s1n°0)]. (12b)

In actual practice, the distance S may be measured from some sort of
fiducial mark that is recorded on the film a fixed distance from the beam
axis or from the peaks of a stress free powder dusted on the surface.

A detailed derivation of the appropriate formula and pertinent techniques
is given in Nortom (1967) and Kraus and Nehasil (1976). Such film
techniques are becoming less popular as the portability of diffractometers
increases (see Sec. III, B, 4) as they are inherently lcss accurate and
precise. As seen from Eqs. (8) and (11) the residual stress is related

to the peak shift, A8, by a stress constant, A plot of the stress
constant for iron as a function of @ in the back-reflection range

75° - 88° is given in Fig. 4. In the case of the 'single exposure' method,
curves are plotted for typical values of 8 = 35° and 45° while for the

'two tilt' method the curves are for the typical y angles of 45° and 60°.
An inspection of these curves shows that while the stress constant is al-
most independent of 6 for the 'single exposure' method it is 1% to 3 times
greater than the stress constant in the 'two tilt' technique at the impor-
tant angles of 78° and 80.50.* From the viewpoint of inherent sensitivity,
the smaller stress constant would require a large peak shift for the same
stress (Eqs. (8) and (11))so that the 'two tilt' method should be super-

ior. Norton (1967) claimed that this advantage is difficult to achieve

*
These angles correspond to the Crgy 211 and Cogy 310 diffraction lines
from Fe,
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because alignment of the specimen is more critical in the two tilt method.
But recently it has been shown that the two tilt method is not as sus-
ceptible to sample displacement as was previously believed (James and

Cohen, 1977) (see Sec. III. B. 3). 1In the most favorable cases errors as low
as + 14 MPa (+ 2 ksi) can be obtained (in the two-tilt procedure) but
errors of double to triple this amount may occur in less favorable cases
(Andrews et al., 1974) (see Chap. IVj.

4. Determ’aing the Stress Tensor

Finally, it should be mentioned that the principal stresses (and their

direction can be obtained from several such stress measurements at dif-
ferent ¢ and | angles (Schaaber, 1939; uacherauch and Muller, 1961; Stroppe
1963; Barrett and Massalski, 1966; Peiter, 1976; Ddlle and Hauk, 1976).
In these references various assumptions are made about the terms in the
stress tensor, except for the latest papers. Some of these more recent

methods involved knowing the "d" spacing of the unstressed state, which is

TR S S i 6 T e S T T # PR R e

difficult in view of the effects of sample displacement on 20 (Sec.IV.B.3)., If cons]
erable care in the measurement is possible these do look promising. The

last two references in particular allow one to examine the entire stress

tensor ¢, .,

1)

In particular, the shear stress normal to the sample's surface and

(R

the normal stress should be zero if the stress state is truly two dimen-

4,-
P

Ly

sional, but in some cases this has been found not to be the case (see

Sec,V. C. 4) .

The method of DPlle and Hauk (1976) for this purpose will be ex-

3 plained briefly., The analysis is based on strains (eij) and primes

imply values in laboratory coordinates, whereas unprimed quantities

rn e T

' \
P e

s T e T
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refer to the specimen axes. For example, e'33 is the strain normal to the

diffracting planes:

' d  -~d 2 2 2
633(¢,¢) = Qé& Qo = g33[e11cos ¢*‘1281n2°+6223in ¢-e33]sin ¥ o+
()

[glscos¢+e23sin¢]sin2¢ (13)

By adding eq. (13) for +y, -y a quantity (al) is formed. The value of
2
a; at y = 0 yields €39 and da, / dsin'y yields €117¢33 for ¢ = 0 (and
)
hence gll) and for ¢ = 90", €75"€q3 The value of P results from

measurements at ¢ = 450. Taking the difference of Eq. 13 for +y, -4 (az):

3a, { €5 for o = 0. "
= (o] (1
asin|2wl €53 for ¢ = 90",

From the strairs,the stresses are obtained from:

9gy " T"»EC'C Cegy + 5 byq(e1p *+ epp * €33)] 1)
Where aij is the Kronecker delta (equal to zero unless i = j), and
x-ray values of the elastic constantsare employed. The magnitudes and
directions of the principaf stresses can then be obtained by standard
tehcviques of matrix transformation.

These methods of residual stress measurement by x-ray diffraction are
derived from isotropic elasticity theory and assume homogeneous deformation.
They have been shown in certain special cases to deviate from the predictions
of this theory particularly when applied to samples which have been plastic-
ally deformed severely enough to cause strong changes in texture along with
the stress (not just texture prior to producing a stress) (Macherauch, 1961;
Donachie and Norton, 1961; Ricklefs and Evans, 1966; Wiedemann, 1966;
Bollenrath et al., 1967; Shiraiwa and Sakamoto, 1971; Marion, 1972;

Marion and Cohen, 1974), Such problems are discussed in Sec., V.C.
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E B. gguigment: and Methods of Analzsis

1. 1Introduction
It should be clear that residual stress measurements are in reality

precise measurements of the lattice strain between specially oriented crystal-

e

lographic planes. There are a variety of experimental procedures capable of

determining these strainS. Their relative merits and problems are discussed

in this section. A brief description of the availalble equipment is also given.
The many different types of instrumentation all employ one common fea-

§ ture in determining the position of a diffraction peak: high angle (back

ﬁ reflection) diffraction lines are used, to increase the accuracy. As can be seen

from Eq. (7) a given stress level will produce a larger shift of the diffraction

lines as  the @ angles approach 90°, Also, the absolute peak position

is less sensitive to sample displacement in the back reflection region. Com-

mon crystallographic planes and their diffractlon angle for different radia-

e e o

tions may be found in many references (Barrett and Massalski, 1966; Hilley

t al. 1971; Klug end Alexander, 1974; The Society of Materials Science, Japan,

e
1974; Cullity, 1977). For steel with CrKa radiation and tha 211 peak
there is a shift between the y = 0 and ¢ = 60° peaks of = 0.1° for each
~ 40 MPa. Shifte of + 0.01 - 0.02° can be readily detected.

2. Film Téchniques

As mentioned in the previous section the use of the photographic
method has declined recently but it stil) possesses some advantages:
a) becuase the entire diffraction cone is observed added information can

be obtained on grain size, extent of cold work and heat treatment, and

preferred orientation; b) the film method requires simple instrumentation
(Bolstad and Quist, 1965), but processing of film and determining the
diffraction profiles requires much longer experimental time than with
counter methods. This extra time may be reduced with instant-

3 4 processing film and direct reading by microphotometry but no such

g
[ o
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manufactured stress measurement device is available yet.

Film techniques can employ both the single exposure and the two-tilt
methods (Macherauch, 1961; Norton, 1967; Hawkes, 1970; Andrews et al.,
1974). The relative merits and individual problems of each method must be
taken into account (see Sec. III. A. 3.).

3. Diffractometer Techniques

The diffractometer methods utilize an x-ray detector (scintillation
or proportional counter) to quantitatively record the intensity profile. The
detector moves 20 while the sample moves 6 to maintain good focusing as
described in (a) below. In addition, the
specimen holder must be able to rotate independently of the
detector motion so that the lattice strain can be determined at various
{ angles. Sample oscillation or rotation will help if
the grain size {s too coarse (greater than a few tenths of a millimeter).
This oscillation is possible on diffractometers in which the 6 and 20
drives can be operated independently; but when these drives are coupled
separate rotary motions must be supplied for setting the ¢ inclination as well as
for oscillation, Other than this limitation any diffractometer may be used
for stress measurements in the laboratory.

For many years, the classical Bragg-Brentano diffractometer ("(i-
diffractometer") was the most common instrumental arrangement, While still
in heavy use in the United States, it is being superceded by the "y-
diffractometer" in Germmany and Japan., The former arrangement will be

discussed first.

In the Bragg-Brentano or (-diffractometer (also referred to as a para-

focusing diffractometer) the x-ray source, F, specimen, S, and counter, C,
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C, all lie in the equatorial or focusing plane shown in Fig. 5. The

geometrical arrangement on a focusing circle of diverging source, sample
and detector causes the diffracted rays from a form of planes {hki} to
converge at a single point. The counter pivots about the goniometer axis,
i.e., about an axis perpendicular to the equatorial plane. As C pivots
about S, the focusing circle changes radii (as seen in Fig. 5) and the
specimen must be rotated at one-half the angular velocity of the detector to
maintain focus, The | angle is obtained by rotating the specimen on the
goniometer axis independently of the counter, As seen in Fig. 6 this pro-
duces a new focal point. In actuality, the focus is not perfect because
the specimen is generally flat rather than curved to fit the focusing
circle, and from the three-dimensional properties of the system (finite
dimensions of the sample, source and receiving slit). However, in order
to achieve the best possible focusing during the y inclination, the
receiving slit and/or detector must be moved, to peint C in Fig. 6b,the
new focal point.

The motion of the receiving slit must be truly radial or anm error will
occur (because the 0029 position will have changed). This movement is
neglected in the so called stationary slit technique; the receiving slit
and detector remain on the goniometer circle of Fig. 6 at all times,
deliberately not fulfilling focusing conditions. A sacrifice in intensity
is made but the complication of moving the receiving slit is avoided, An
excellent study of the geometric errors associated with each method has
been presented by Zantopulos and Jatczak (1970). They conclude that the
lzck of focusing in the stationary slit rechnique does not introduce significant

error in determining the peak shift, James (1977) has studied the
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repositioning of the receiving slit using 2 sturdy worm gear and dovetail
slide. This system introduced an average error of about + 4 MPa over
the stationary slit method on a steel sample with a compressive stress of
164 MPa. Other less perfect systems involving manually repositioning
the slit are likely to introduce even larger errors.

The Japanese (Taira et al., 1969) have adopted a non-focusing tech-
nique called the parallel beam procedure and applied it to the Bragg-

Brentanc arrangement. Using long Soller baffles or plates perpendicular

to the diffractometer plane (rather than in the usual position parallel
to it) the x-raysform a highly collimated parallel beam, The angle of
diffraction is uniquely defined by the angle between the primary and dif-
fracted beam soller plates, Fig. 7,and a receiving slit is not nec-

sary.

Each of the these optical arrangements, the parafocussing, stationary-
slit, and parallel beam techaiques have a different inherent sensitivity to
sample displacement. If the sample is displaced from the center of the
diffraction circle, as in Fig. 8, there is a relstive shift of the dif-
fracted rays between § = Oo and { = wo. This has been examined by Cohen
(1964) and French (1969) . Denoting AX as the displacement, the equation

for the error in peak shift at two tilts in degrees 20, is:

360
5(A29)SD = AX cos®

s5in® ] , (16)

[RGC RP31n(9+w)
where Rp represents the distance from the sample at the focus position;

it is given by (Hilley et al., 1971):

cos(y + (90-8
RP = Rac cos(y - (90-e>)‘ ’ (17)
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where R.GC is the goniometer radius. In the parallel beam technique,
the angular relationship depends solely on the angle between the parallel
soller baffles, and not on the position of the sample, eliminating this
error due to sample displacement.

Equation (16) has been experimentally verified (James and Cohen, 1977)
together with the fact that the parallel team procedure is insensitive
to sample position., Most interesting, however, is the fact thaf because
RP is constant in the stationary slit method, (RP.RGC ) this technique is approxi-
mately 5 times less sensitive to sample displacement than parafocussing
geometry while producing a sharper and more intense diffraction profile
than the parallel beam method., Hence a peak can be lucatad (to the same precision)
more quickly with the stationary slit technique than with a parallel beam,

Stress measurements may also be made on a "{y-diffractometer,' where
the specimen is rotated around an axis lying parallel to the diffractometer
plane, i.e, normal to the goniometer axis, as in Fig. 9. This geometry,
similar to t